























































































































































































































































































































































































































































































































































































































































































































































































































Mean	monthly	 81.3	(930)	 58.7	(930)	 43.5	(961)	 32.6	(961)	
ZBJ	>=	80th	percentile	 38	(186)	 26.4	(186)	 24.5	(192)	 17.3	(192)	
LLW	>=	80th	percentile	 29.3	(186)	 17.7	(186)	 17.1	(192)	 12.3	(192)	
ZBJ	>=	80th	or	LLW	>=	80th	percentile	 54.4	(317)	 36.7	(317)	 31.2	(324)	 21.7	(324)	
Row	1	minus	row	4	 26.9	 	 22	 12.3	 10.9	
RMSE	 20	 40	 13	 19	
Correlation	coefficient	 .84	 .30	 .85	 .69	
	 38	
Figure	captions:	729	
Fig.	1	 A:	various	components	contributing	to	rainfall	of	the	Tigris-Euphrates	Headwaters	(TEH),	730	
which	is	the	region	of	interest	in	this	study	(black	solid	box).	The	arrows	represent	low-731	
level	flows	affecting	the	rainfall	of	the	TEH:	Zagros	Barrier	Jet	(ZBJ),	Shamal	winds,	and	732	
low-level	westerly	(LLW)	flow.	The	setup	of	the	high	(H)	and	low	(L)	pressure	regions	in	733	
this	schematic	resembles	an	active	ZBJ	and	rainy	day	in	the	TEH.	The	favorable	734	
conditions	for	the	Shamals	are	different	(see	the	text).	The	green	shading	shows	the	735	
Tigris-Euphrates	Basin.	The	dashed	black	box	is	the	WRF	simulation	domain.	B:	the	736	
topographic	map	of	the	domain.	C:	long-term	mean	(1988-2013)	annual	precipitation	737	
(mm/day)	using	GPCC	daily	data.	738	
	739	
Fig.	2	 A:	annual	cycle	of	total	monthly	rainfall	(mm)	for	the	GPCC,	NCEP	and	WRF	outputs,	740	
driven	by	NCEP	boundary	conditions	(WRFN).	B:	annual	cycle	of	the	contribution	of	741	
convective	rainfall	for	the	NCEP	and	WRFN.	All	are	averaged	over	the	TEH	region	(40-742	
44E	&	36-40N).	743	
	744	
Fig.	3	 A,	D:	long-term	mean	of	observational	precipitation	(GPCC)	patterns.	B,	E:	time	series	of	745	
total	monthly	precipitation	of	GPCC,	WRFN	and	NCEP	over	the	period	1983-2013.	C,	F:	746	
histograms	of	daily	precipitation	events.	The	tail	of	the	histograms	has	been	trimmed	to	747	
its	99th	percentile	for	better	presentation	purposes.	The	time	series	and	histograms	are	748	
obtained	from	the	regional	means	over	the	study	area	(40-44E	&	36-40N).	Upper	and	749	
lower	panels	correspond	to	April	and	October,	respectively.		750	
	 39	
	751	
Fig.	4	 Comparing	regionalization	based	on	interannual	variability	of	rainfall	(1983-2013)	using	752	
GPCC,	WRFN,	and	NCEP.	Upper	and	lower	panels	correspond	to	April	and	October,	753	
respectively.	The	black	box	shows	the	location	of	the	study	area.	754	
	755	
Fig.	5	 Composites	of	geopotential	height	(shading)	and	horizontal	wind	vectors	using	the	756	
NCEP/DOE	Reanalysis	II	data	at	700	hPa.	Wet	(dry)	composite	includes	days	that	the	757	
WRF	rainfall	averaged	over	the	TEH	region,	the	red	box,	is	greater	(less)	than	its	90th	758	
(10th)	percentile	over	the	period	1983-2013.	Upper	and	lower	panels	correspond	to	April	759	
and	October,	respectively.	760	
	761	
Fig.	6	 Horizontal	near-surface	wind,	using	WRF	outputs	and	the	NCEP	data	over	the	study	762	
domain	for	the	wet	composite,	which	is	the	same	as	in	Fig.	5.	Shadings	show	the	763	
patterns	of	the	mean	low-level	geopotential	heights	(925-850	hPa).	Upper	and	lower	764	
panels	correspond	to	April	and	October,	respectively.	The	black	box	shows	the	location	765	
of	the	TEH.	The	white	areas	in	the	left	panels	are	regions	with	higher	altitudes,	and	766	
therefore	the	surface	pressure	is	lower	than	850	hPa.		767	
	768	
Fig.	7	 The	same	as	Fig.	6,	but	for	the	dry	composite.	769	
	770	
Fig.	8	 Time	series	of	daily	(gray)	and	monthly	mean	(blue)	meridional	wind,	v,	averaged	over	a	771	
region	that	represents	the	Zagros	Barrier	Jet	(34.5-35.5N,	43.5-45E),	for	(A)	April	and	(C)	772	
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October.	B	and	D	show	the	corresponding	histograms	of	the	daily	time	series.	The	90th	773	
and	10th	percentiles	of	daily	data	are	also	shown.	774	
	775	
Fig.	9	 A,	B,	D,	E:	Composites	of	near-surface	horizontal	moisture	flux,	using	WRF	outputs	over	776	
the	study	domain,	superimposed	on	the	land	surface	topography	(shading).	Wet	and	dry	777	
composites	are	the	same	as	in	Fig.	5.	Upper	and	lower	panels	correspond	to	April	and	778	
October,	respectively.	The	yellow	and	blue	strips	are	used	for	vertical	cross-section	779	
plots,	shown	in	Figs.	10	and	12.	The	black	box	shows	the	location	of	the	TEH	region.	C	780	
and	F	show	the	corresponding	histograms	of	the	daily	meridional	moisture	flux,	vq	over	781	
the	region	that	represents	the	Zagros	Barrier	Jet	(34.5-35.5N,	43.5-45E),	for	April	and	782	
October,	respectively.	The	90th	and	10th	percentiles	of	daily	data	are	also	shown.	783	
	784	
Fig.	10	Vertical	cross-sections	of	meridional	moisture	flux,	vq,	averaged	over	the	latitudes	of	785	
the	Zagros	Barrier	Jet	(ZBJ),	shown	in	Fig.	9	(the	yellow	strip).	This	plot	is	for	the	786	
composite	of	high	moisture	flux	(HMF)	by	the	ZBJ.	The	HMF-ZBJ	has	been	formed	by	787	
compiling	days	with	vq	values	higher	than	their	90th	percentile,	identified	in	Fig.	9c,f.	The	788	
differences	between	WRF	and	NCEP	vq	below	700	hPa	level	and	along	the	terrain	are	789	
statistically	significant	at	1%	level,	using	a	Student’s	t-test.	790	
	791	
Fig.	11	 Spatial	patterns	of	mean	daily	precipitation	of	WRF	(left),	NCEP	(middle)	and	their	792	
difference	(right)	for	the	HMF-ZBJ	composites,	used	in	Fig.	10.	Upper	and	lower	panels	793	
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correspond	to	April	and	October,	respectively.	WRF-minus-NCEP	precipitation	values	794	
greater	than	2.63	or	less	than	-2.63	are	significant	at	1%	level,	using	a	Student’s	t-test.		795	
	796	
Fig.	12	 Spatial	patterns	of	mean	daily	precipitation	of	WRF	for	the	weak	moisture	flux	(WMF-797	
ZBJ)	and	moderate	moisture	flux	(MMF-ZBJ)	composites.	Upper	and	lower	panels	798	
correspond	to	April	and	October,	respectively.	These	should	be	compared	to	HMF-ZBJ,	799	
shown	in	Fig.	11a,d.	800	
	801	
Fig.	13	Vertical	cross-section	composites	of	zonal	moisture	flux,	uq,	along	the	blue	strip,	shown	802	
in	Fig.	9.	Composites	consist	of	the	days	that	WRF	precipitation,	averaged	over	the	TEH	803	
region	is	greater	than	its	80th	percentile	and	the	NCEP	precipitation	is	less	than	its	804	
median.	The	differences	between	WRF	and	NCEP	uq	below	700	hPa	level	and	along	the	805	
terrain	are	statistically	significant	at	1%	level,	using	a	Student’s	t-test.	806	
	 	807	
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Figures:	808	
	809	
Fig.	1	 A:	various	components	contributing	to	rainfall	of	the	Tigris-Euphrates	Headwaters	(TEH),	810	
which	is	the	region	of	interest	in	this	study	(black	solid	box).	The	arrows	represent	low-811	
level	flows	affecting	the	rainfall	of	the	TEH:	Zagros	Barrier	Jet	(ZBJ),	Shamal	winds,	and	812	
low-level	westerly	(LLW)	flow.	The	setup	of	the	high	(H)	and	low	(L)	pressure	regions	in	813	
this	schematic	resembles	an	active	ZBJ	and	rainy	day	in	the	TEH.	The	favorable	814	
conditions	for	the	Shamals	are	different	(see	the	text).	The	green	shading	shows	the	815	
Tigris-Euphrates	Basin.	The	dashed	black	box	is	the	WRF	simulation	domain.	B:	the	816	
topographic	map	of	the	domain.	C:	long-term	mean	(1988-2013)	annual	precipitation	817	
(mm/day)	using	GPCC	daily	data.	818	
	 	819	
	 43	
	820	
Fig.	2	 A:	annual	cycle	of	total	monthly	rainfall	(mm)	for	the	GPCC,	NCEP	and	WRF	outputs,	821	
driven	by	NCEP	boundary	conditions	(WRFN).	B:	annual	cycle	of	the	contribution	of	822	
convective	rainfall	for	the	NCEP	and	WRFN.	All	are	averaged	over	the	TEH	region	(40-823	
44E	&	36-40N).	824	
	 	825	
	 44	
	826	
Fig.	3	 A,	D:	long-term	mean	of	observational	precipitation	(GPCC)	patterns.	B,	E:	time	series	of	827	
total	monthly	precipitation	of	GPCC,	WRFN	and	NCEP	over	the	period	1983-2013.	C,	F:	828	
histograms	of	daily	precipitation	events.	The	tail	of	the	histograms	has	been	trimmed	to	829	
its	99th	percentile	for	better	presentation	purposes.	The	time	series	and	histograms	are	830	
obtained	from	the	regional	means	over	the	study	area	(40-44E	&	36-40N).	Upper	and	831	
lower	panels	correspond	to	April	and	October,	respectively.		832	
	 	833	
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	834	
Fig.	4	 Comparing	regionalization	based	on	interannual	variability	of	rainfall	(1983-2013)	using	835	
GPCC,	WRFN,	and	NCEP.	Upper	and	lower	panels	correspond	to	April	and	October,	836	
respectively.	The	black	box	shows	the	location	of	the	study	area.	837	
	 	838	
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	839	
Fig.	5	 Composites	of	geopotential	height	(shading)	and	horizontal	wind	vectors	using	the	840	
NCEP/DOE	Reanalysis	II	data	at	700	hPa.	Wet	(dry)	composite	includes	days	that	the	841	
WRF	rainfall	averaged	over	the	TEH	region,	the	red	box,	is	greater	(less)	than	its	90th	842	
(10th)	percentile	over	the	period	1983-2013.	Upper	and	lower	panels	correspond	to	April	843	
and	October,	respectively.	844	
	 	845	
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	846	
Fig.	6	 Horizontal	near-surface	wind,	using	WRF	outputs	and	the	NCEP	data	over	the	study	847	
domain	for	the	wet	composite,	which	is	the	same	as	in	Fig.	5.	Shadings	show	the	848	
patterns	of	the	mean	low-level	geopotential	heights	(925-850	hPa).	Upper	and	lower	849	
panels	correspond	to	April	and	October,	respectively.	The	black	box	shows	the	location	850	
of	the	TEH.	The	white	areas	in	the	left	panels	are	regions	with	higher	altitudes,	and	851	
therefore	the	surface	pressure	is	lower	than	850	hPa.		852	
	 	853	
	 48	
	854	
Fig.	7	 The	same	as	Fig.	6,	but	for	the	dry	composite.	855	
	 	856	
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	857	
Fig.	8	 Time	series	of	daily	(gray)	and	monthly	mean	(blue)	meridional	wind,	v,	averaged	over	a	858	
region	that	represents	the	Zagros	Barrier	Jet	(34.5-35.5N,	43.5-45E),	for	(A)	April	and	(C)	859	
October.	B	and	D	show	the	corresponding	histograms	of	the	daily	time	series.	The	90th	860	
and	10th	percentiles	of	daily	data	are	also	shown.	861	
	 	862	
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	863	
Fig.	9	 A,	B,	D,	E:	Composites	of	near-surface	horizontal	moisture	flux,	using	WRF	outputs	over	864	
the	study	domain,	superimposed	on	the	land	surface	topography	(shading).	Wet	and	dry	865	
composites	are	the	same	as	in	Fig.	5.	Upper	and	lower	panels	correspond	to	April	and	866	
October,	respectively.	The	yellow	and	blue	strips	are	used	for	vertical	cross-section	867	
plots,	shown	in	Figs.	10	and	12.	The	black	box	shows	the	location	of	the	TEH	region.	C	868	
and	F	show	the	corresponding	histograms	of	the	daily	meridional	moisture	flux,	vq	over	869	
the	region	that	represents	the	Zagros	Barrier	Jet	(34.5-35.5N,	43.5-45E),	for	April	and	870	
October,	respectively.	The	90th	and	10th	percentiles	of	daily	data	are	also	shown.	871	
	 	872	
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	873	
Fig.	10	Vertical	cross-sections	of	meridional	moisture	flux,	vq,	averaged	over	the	latitudes	of	874	
the	Zagros	Barrier	Jet	(ZBJ),	shown	in	Fig.	9	(the	yellow	strip).	This	plot	is	for	the	875	
composite	of	high	moisture	flux	(HMF)	by	the	ZBJ.	The	HMF-ZBJ	has	been	formed	by	876	
compiling	days	with	vq	values	higher	than	their	90th	percentile,	identified	in	Fig.	9c,f.	The	877	
differences	between	WRF	and	NCEP	vq	below	700	hPa	level	and	along	the	terrain	are	878	
statistically	significant	at	1%	level,	using	a	Student’s	t-test.	879	
	 	880	
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	881	
Fig.	11	 Spatial	patterns	of	mean	daily	precipitation	of	WRF	(left),	NCEP	(middle)	and	their	882	
difference	(right)	for	the	HMF-ZBJ	composites,	used	in	Fig.	10.	Upper	and	lower	panels	883	
correspond	to	April	and	October,	respectively.	WRF-minus-NCEP	precipitation	values	884	
greater	than	2.63	or	less	than	-2.63	are	significant	at	1%	level,	using	a	Student’s	t-test.		885	
	 	886	
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	887	
Fig.	12	 Spatial	patterns	of	mean	daily	precipitation	of	WRF	for	the	weak	moisture	flux	(WMF-888	
ZBJ)	and	moderate	moisture	flux	(MMF-ZBJ)	composites.	Upper	and	lower	panels	889	
correspond	to	April	and	October,	respectively.	These	should	be	compared	to	HMF-ZBJ,	890	
shown	in	Fig.	11a,d.	891	
	 	892	
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	893	
Fig.	13	Vertical	cross-section	composites	of	zonal	moisture	flux,	uq,	along	the	blue	strip,	shown	894	
in	Fig.	9.	Composites	consist	of	the	days	that	WRF	precipitation,	averaged	over	the	TEH	895	
region	is	greater	than	its	80th	percentile	and	the	NCEP	precipitation	is	less	than	its	896	
median.	The	differences	between	WRF	and	NCEP	uq	below	700	hPa	level	and	along	the	897	
terrain	are	statistically	significant	at	1%	level,	using	a	Student’s	t-test.	898	
